Methods
Silicon isotope determination
One mL graduated Pasteur pipettes filled with 0.5 mL of cation exchange resin (Dowex AG-X8, 200-400 mesh) were used to remove sodium from the sample digest.
After cleaning the resin with HCl and deionised water (S3) , each column was loaded with 0.75 mL of sample solution. Silicon was eluted from the column using 1.5 mL of deionised water and acidified with 0.25 mL of 2 M HNO 3 .
Silicon isotopic ratios were determined by multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) (Finnigan Neptune, Germany) operated in mediumresolution (M/ΔM ~2000) and dry plasma mode. The sample was introduced into the MC-ICP-MS via an ESI-Apex desolvation nebulizer fitted with a Teflon inlet system and a demountable torch fitted with an alumina injector to minimize the silicon background. Data acquisition and reduction were carried out using a standard-samplestandard bracketing technique (S4) . Prior to each sample run, blank measurements are made to ensure that the combined blank and background contribute less than 1% of the total sample signal. The reproducibility of the δ 
Calculation of changes in seawater silicic acid concentration based on the sponge spicule silicon isotope record
To calculate the change in silicic acid concentration during this period, we assumed a Southern Ocean silicon isotope seawater composition of 1.1 ‰ and combined this with the 
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Si sponge versus silicic acid concentration relationships obtained by Wille et al. (S6) and Hendry et al. (S7) . We assumed a seawater silicon isotope value of 1.1 ‰ because the exact seawater value for each site is unknown. Note that our Holocene
Si values for E33-22 and ODP177 site 1089 are about 0.5 to 1 ‰ more positive (heavier) than contemporary sponge values, and probably results from regional variation is in the silicon isotope composition of seawater. We have also assumed that the silicon isotope composition of the deep ocean has not varied significantly over the past 150,000 years, as suggested by modeling (S8)( Table S3) .
Ten-box model setup (PANDORA)

Model setup and justification
To model silicic acid, silicon isotope and germanium cycling in the ocean, we set up a ten-box model based on the PANDORA model architecture of Broecker and Peng (S9) (Fig. S3) . We then undertook a number of perturbation experiments with the specific aim of determining the influence changes in the uptake stoichiometry of silicic acid relative to that of phosphate and nitrate have on silicon inventory, germanium inventory and the silicon isotope composition of the ocean. The silicic acid leakage hypothesis purports the idea that Southern Ocean surface waters were fertilized with iron from atmospheric dust during glacial times, which result in a reduction in silicic acid utilization by diatoms relative to that of phosphate and nitrogen (S10-12) . This reduction allowed silicic acid to "leak" out of the Southern Ocean via mode and intermediate water masses to low latitudes where it subsequently fueled an increase in diatom production: currently diatom production in low latitude surface waters, such as in the Eastern Equatorial Pacific and equatorial Atlantic, are limited by the availability silicic acid and iron (S11, 13-14) . This increase in low latitude production diatom production, and associated organic carbon production, is thought to be at the expense of coccolithophore production thereby diminishing calcium carbonate production and hence the carbonate pump (S10-11). An increase in the organic carbon to calcium carbonate export ratio leads to increased carbon dioxide uptake by the ocean and hence a lower atmospheric carbon dioxide concentration (S11).
Silicon and germanium inputs
The inputs and outputs for silicon and germanium in to and out of the model are the same those outlined by Sutton et al. (S15) and are as follows: the flux of silicon entering the ocean was set to 7.05 x10 ) (S17). We assumed that the loss of germanium from the ocean was via biogenic particles and non-biotic processes (S15, 17-18, 20) . As noted by Hammond et al. (S17) , the removal of germanium by these non-biotic processes is a case of less efficient germanium transfer, relative to silicon, from oceanic sediments into the overlying water column post opal dissolution. To account for these non-biotic process, we adjusted the remineralization efficiency of germanium associated with biogenic opal dissolution so that at steady-state the overall oceanic Ge:Si ratio equaled 0.76 x10 -6 (Table S2 )(S15). To mimic Ge:Si fractionation in sponges, we assumed a Michaelis-Menten uptake process whereby the uptake of germanium is via the silicic acid uptake system, albeit at slightly slower rate than that of silicic acid (S21).
Silicon isotope cycling
The ten-box model was also modified to accommodate silicon isotope fractionation (S22) . During opal production we assumed that silicon isotope fractionation equaled 0.9989 (S23). For the four major silicon inputs, we assumed the following silicon isotope compositions: 1) riverine (0.0349089) (S24), 2) hydrothermal (0.0341465) (S25), 3) submarine weathering/Basalt (0.0341465) and 4) aeolian (0.0341465) (S25), and a reference (NBS28) silicon isotope value of 0.0341465. To mimic silicon isotope fractionation in sponges, we used the 
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Si sponge versus silicic acid concentration relationship obtained by Wille et al. (S6) .
To simulate changes in silicic acid and germanium utilization and their inventories during glacial times, we adjusted three parameters in timed model runs: 1) the utilization of silicon (and germanium) in the surface ocean, 2) an increase in riverine silicon inputs and 3) an increase in germanium loss from the ocean via the nonopaline sink.
Model results
A steady-state run -the contemporary ocean
Before undertaking perturbation experiments with the ten-box model, we ran the model to steady-state and compared model outputs to observations and other model outputs employing a similar architecture (Table S2) . On the whole, the model captured the distribution of both silicon and germanium in the ocean and replicated Ge:Si fractionation in surface and deep waters (S15). The model also did a good job of replicating the silicon isotope composition of each oceanic basin, with our results being comparable to those of Reynolds (S22)( Table S2) .
Silicon isotope and Ge:Si perturbations experiments
In the first timed model run, the model was run to steady-state in its perturbed state such that it either resembled the: a) utilization of phosphate in the surface ocean, or b) the lower global Ge:Si ratio observed for the glacial ocean (Table S3 ).
To mimic phosphate utilization in surface waters, as suggested by the silicic acid leakage hypothesis (S12), we adjusted the residence time () (this represents the rate of nutrient utilization and hence productivity in surface waters (S9)) of silicic acid in: 1) the surface Antarctic box, and 2) all surface ocean boxes.
Adjusting the residence time of silicic acid, and hence diatom utilization of silicic acid, in the surface Antarctic box resulted in a global ocean silicic acid inventory increase of 6% (6 Pmoles) (Table S3) . Likewise, when the residence time of silicic acid in all the surface ocean boxes was increased to match that of phosphate, the result was a global ocean silicic acid inventory increase of 19% (18 Pmoles).
Adjusting the residence time of silicic acid in the surface ocean also resulted in a redistribution of opal export and hence opal sedimentation (Fig. S5 ). In the first experiment, when the residence time of silicic acid in the surface Antarctic box was doubled from 50 to 100 years, the amount of silicon lost from the ocean via opal export from the surface Antarctic box decreased by 41% (0.5 Pmoles) (Table S3 ).
Conversely, the amount silicon lost from the ocean via opal export from the intermediate and low latitude boxes increased (Fig. S5 ).
In the second experiment when the residence time of silicic acid in all the surface boxes was increased, the amount of silicon lost from the ocean via opal export decreased in all boxes except for the surface Pacific box and the surface Atlantic box (Fig. S5 , Table S3 ). In these boxes the amount silicon lost from the ocean via opal export increased by 46% (0.8 Pmoles) and 111% (0.6 Pmoles), respectively.
In both experiments changes silicic acid utilization led to an increase in the global ocean silicic acid inventory, a reduction in the opal export and sedimentation flux for Antarctic region, and an increase in opal export and sedimentation flux for intermediate and low latitude regions, i.e. the surface Atlantic and Pacific ( Fig S5) .
These changes in the opal export and sedimentation fluxes are consistent with the silicic acid leakage hypothesis and with the Southern Ocean and Atlantic sediment opal records for the last glacial period. Overall, opal accumulation for the Southern Ocean was reduced during last glacial period while there was an increase in opal accumulation for the equatorial Atlantic (S26-27) . For the equatorial Pacific, opal accumulation is lower during last glacial period (S27-28), however, elevation of chronic iron limitation along with increased silicic acid supply likely caused by an overall increase in diatom production, but with a lower Si:C export ratio and lower sediment opal accumulation (S29).
Although there was a redistribution of silicic acid between surface boxes and major changes in opal sedimentation, only a small change (up to 0.03 ‰) in the overall oceanic silicon isotope composition was observed in both perturbation experiments (Fig. S6 , Table S3 ). However, larger regional changes in the silicon isotope composition of seawater were observed for the experiment where  was varied in all the surface ocean boxes (Fig. S5 ). For the surface Antarctic, the surface Pacific, the surface Atlantic, the intermediate Indo-Pacific and the intermediate Atlantic, the silicon isotope composition of seawater in these boxes was lower (Table S3) .
Correspondingly, the silicon isotope composition of opal produced in, exported and deposited on the seafloor from these boxes is also lower (Fig. S5) . Thus, the decline in the silicon isotope composition of diatom opal produced in these boxes is consistent with paleo diatom opal records from the Atlantic and Indian sectors of the Southern Ocean and the Eastern Equatorial Pacific (see Fig. 4 , main text) (S12, 29-32) . The rapid change in the silicon isotope composition produced in model runs compared to that of the sediment record reflects the instantaneous change in silicic acid utilization within the model whereas in the "real" ocean this change it likely to have occurred over a few thousand years as the iron concentration of the surface ocean changed, thus altering the silicic acid requirement of diatoms.
We also examined the effect of reducing opal accumulation in Antarctic sediments on the silicon isotope composition of diatoms. This reduction was simulated by adjusting the amount of opal dissolution within the deep Antarctic box such that a 50% reduction in opal burial was achieved (Table S3 ). This 50% reduction in the opal accumulation in the Antarctic led to an increase in opal burial outside the Antarctic, but only a small change in the silicon isotope composition (<0.1 ‰) of the redistributed opal ( Fig. S5 and S6 ), which was much smaller than the observed glacial-interglacial change (see Fig. 3 and 4, main text) (S12, 29-32) .
Ge:Si experiments
To mimic the low global Ge:Si ratio observed for the glacial ocean, we either increased the riverine input of silicon (2.65 Tmol y -34) . Note that an increase in the riverine silicon input resulted in an increase in the global silicic acid inventory of 37 % (Table S4 ) but only a small change (0.09 ‰) in the silicon isotope composition of the ocean (Fig. S6 , Table S3 ).
Silicon isotope excursion during MIS 5e
The silicon isotope excursion at the onset of MIS 5e for core E33-22 (Pacific sector) coincides with the penultimate deglacial transition where changes in the silicon isotope and Ge:Si composition of diatoms also occur (Fig S4) . There is, however, a slight increase in sponge Ge:Si record across this transition suggesting that this isotope excursion is real. Although the exact mechanism(s) associated with this silicon isotope excursion are not fully understood, it reflects a change in deep water ventilation which led to an increase in silicon-rich water bathing this core site. Note that the silicon isotope scale has been reversed. 
